Introduction
The object of this study was to examine whether certain factors which are regarded as inhibitors of the uptake of water by roots of intact and detopped plants [e.g. high CO2 concentration, low temperature, anaerobiosis-see Kramer (5) ] have a direct effect on the permeability of protoplasmic membranes to water.
Our experimental tissue was the hypocotyl of Helianthus annuus. We have observed the effect of such factors on the permeability of the cells toward water passing both in the inward and in the outward directions.
The rate of entry of water into uniform segments of tissue is a function of A, the difference in diffusion pressure deficit (DPD) between the cells and the external medium, and B, the permeability of the protoplasm to water. Since our interest lay in B, means had to be dlevised of keeping A as nearly constant as possible between treatments. \Ve have met this requirement by ensuring that the DPD of the tissue was so large that any changes in DPD resulting from cellular processes during the period over which water uptake was measured will have been extremely small in comparison with total DPD. Observed changes in rate of water influx under these conditions must therefore be attributed to changes in the permeability of the protoplasmic membranes.
The observations on efflux of water were included in order to confirm beyond doubt that alterations in DPD were not responsible for the observed effects on water movement. Whereas a change in DPD would produce an opposite effect on efflux to that exerted on influx, a change in permeability would influence both efflux and influx in the same direction.
This paper presents evidence that CO2 acts rapidly to reduce, and O, to increase, the permeability of cells to water.
Material & Methods
The sunflowers (Helianthus annuus L. var. Jupiter) were grown in sterile vermiculite, at 26C, in darkness except for occasional red light. Segments 1 cm long were cut from the hypocotyls of 6-day-old seedlings at a distance of 1.5 cm below the crook.
The principle underlying the influx experiments was, first, to allow the segments to lose a considerable proportion of their water content by drying in air; then, to measure the rate of re-entry of water during the period immediately after their transfer to distilled water and long before they had regained their initial fresh weight. The segments were thus in a state of low turgor and high osmotic pressure, and fulfilled the requirement for a tissue of high DPD. The method had the additional advantage that the water movement was large enough to allow accurate measurements after very short intervals of time.
The procedure was as follows: After cutting, the segments were first washed in distilled water for 20 minutes. Samples of 16 segments (approx. 475 mg) were then carefully blotted with filter paper to remove surface moisture and were weighed on a torsion balance sensitive to 0.2 mg (Initial wt W1). They were next dried in air at room temperature for approximately two hours, after which they were again weighed (W,) and transferred to 25 ml of experimental solution contained in 100 ml Erlenmeyer flasks. A stream of air, C0, or 0-free N., continuously stirred the suspending medium. In each case the gas stream had been led through the medium for at least 45 minutes before the introduction of the segments, and continued throughout the experi- figure 2 .
Since the DPD gradients set up by air (lrying of tissue might pro(luce results different fronm DPD gradlients set up by immersion in solutions of higlh osmotic concentration, another experiment was carrie(l out in which the drying treatment was replaced by immersion in 0.4 Mr mannitol. This concentration of manniitol was approximately iso-osmotic with the tissue, which thus did not plasmolyse. Table I gives details of this experiment and shows that, under these conditions as -well, CO) and anaerobiosis were clearly inhibitory. The experiment also serves to confirm that the inhibition was affecting the entry of water into the osmotic volume of the tissue, andl not into its free space. for 20 minutes. Their loss in weight was followed after transfer to 0.6 M mannitol through which C02 02-free N, or air was bubbling.
Reversibility of Effects Produced by CO9 and by Anaerobiosis: Figure 3 summarizes an experiment carried out to test whether the observed inhibition of water influx was reversible. The standard of comparison for the treated segments after they had been returned to aerated water presented a problem, since the rate of water uptake by control segments continuously decreases. This difficulty was met by assessing total water uptake after 24 hours, by which time the rate of uptake has declined to an extremely low level. The segments were allowed to lose water as usual in air, and were then transferred to water through which either CO2 or N2 was bubbling. Fig. 1 (top) . The relationship between the amount of H20 lost by sunflower hypocotyl segments during the drying treatment and subsequent H20 influx after transfer to distilled H,O. Curves A and B: Progress curves for the influx of water into segments of sunflower hypocotyl during treatment with C02 or N2.
Curves C and D: The relationship between final weight of segments after 24 hours and length of treatment with the gas.
The segments had first lost approx. 35 % of their initial H20 content while drying in air at room temperature. They were then placed in water through which CO2 or 02-free N2 was bubbling. After Treatment with 100 (1, CO, brought about a 55 % reduction in the rate of water entry. Again subtracting the 18 % attributable to the anaerobic conditions, the inhibition caused by the CO, itself appears to have been 37 %. Since the inhibition due to the CO., factor in the CO., + N2 treatment was assesse(d at 34 %, it appears that reducing the CO., concentration by 20 % did not appreciably loNrer the (legree of inhibition.
Effect of 02 Concentration on \VXater Influx: In view of the inhibiting effect of lack of O., on water influx, it was decided to investigate the effect of varying the concentration of 02. CO ., an(d of lack of soil O. on the uptake of water by intact andl (letopped plants mlust primarily be exertedl on roots, it was of interest to examine whether the effects reporte(d above were also (letectable in root tissue. The very fine, muclhbranchedl character of sunflo-wer roots mladle them less suitable for this purpose than the roots of peas. Table V gives details of an experinment carriedl out wvith the roots of etiolatedI 5-day-old seedlings of Pisumiii sativumi var. Alaska. Re-entry of water was more rapid than was the case with hypocotyl tissue (probably owing to the lack of cuticle andl the snmall (liameter of the segments) so that after 3 minutes the segments had regained nearly 50 1% of the Nater they had lost during the drying period. Table V shows that within 3 minutes CO., treatment lhadl producedI a marked effect, the redluction in anmount of water entering being 48 %. No significant effect of anaerobiosis was observable. Experiments were also carried out with 1 mmthick discs of the root storage tissue of Daucus carota. The results obtained were similar to those reported for pea roots-i.e., marked inhibition by CO, no appreciable effect of anaerobic conditions.
Discussion
Owing to the special conditions of the experiments on water uptake reported in this paper, alterations in rate of water movement are interpretable as a direct measure of changes in the permeability of the cells. The investigation has therefore demonstrated that an excess of CO, can induce rapid changes in the permeability of cells to water. Proof that permeability, and not DPD, was the property affected is provided by the fact that CO., had a depressant effect on both influx and efflux of water.
Earlier workers experimenting with whole or detopped plants [notably Kramer (4); Kramer & Jackson (6) ; & Chang & Loomis (2)] have observed that a high concentration of CO2 around the roots reduces the amount of water taken up by the plant. Our results confirm that an alteration in the permeability of the osmotic barriers is the probable explanation, and extend the earlier observations by showing that the effect is very quickly manifested. The celerity of this response-it was well marked within 3 minutes-makes it unlikely that CO, affects the membranes indirectlv through an effect on metabolism.
The experiment on reversibility showed that, if exposure to CO2 is limited to 30 minutes or less, the effects are fully reversible. It is to be assumed that this was the case for all the effects observed in this investigation since the experiments were in genral of less than 30 minutes' duration. We were thus dealing with the classical narcotic action of COO (3). The irreversible effects that followed longer exposures culminated in the destruction of the semipermeability of the membranes, as may be deduced from the fact that 2 hours' treatment produced a final weight of tissue 14 % below the initial weight.
This is approximately the figure for the loss in fresh weight observed when hypocotyl tissue is brought to the point of incipient plasmolysis in mannitol solution. It therefore appears that the CO, treated tissue had lost all turgor and that its membranes had lost their semipermeable properties.
The effect of anaerobiosis on water uptake by intact roots has been much less emphasized in the literature than that of CO,. Kramer (4) noted a small inhibitory effect (10 %) whereas Chang and Loomis (2) observed no reduction in water uptake as a result of bubbling N2 through their culture solutions. The evidence provided here for an effect of anaerobic conditions on membrane permeability in sunflower hypocotyl tissue seems unmistakable. As with CO., the effect was apparent within 3 minutes, again suggesting that it was not exerted via metabolism. In contrast to COO, however, anaerobic conditions only had a significant influence on influx into hypocotyl segments. No 
